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We experimentally study the superconducting proximity effect in high-temperature superconductor/half-
metallic ferromagnet YBa2Cu3O7/La2/3Ca1/3MnO3 junctions, using conductance measurements. In particular, we
investigate the magnetic-field dependence of the spectroscopic signatures that evidence the long-range penetration
of superconducting correlations into the half-metal. Those signatures are insensitive to the applied field when this
is below the ferromagnet’s saturation fields, which demonstrates that they are uncorrelated with its macroscopic
magnetization. However, the application of more intense fields progressively washes away the fingerprint of
long-range proximity effects. This is consistent with the fact that the well-known magnetic inhomogeneities at
the c-axis YBa2Cu3O7/La2/3Ca1/3MnO3 interface play a role in the proximity behavior.
DOI: 10.1103/PhysRevB.92.014519 PACS number(s): 74.45.+c, 74.78.Fk
Ferromagnetic order and singlet superconductivity are in-
compatible, because the magnetic exchange field breaks apart
the conventional opposite-spin Cooper pairs. For this reason,
the superconducting proximity effect is generally short ranged
in superconductor/ferromagnet (S/F) structures [1]. However,
a long-range propagation of superconducting correlations
into an F is expected if a conversion from “opposite-spin
singlet” to “equal-spin triplet” pairing occurs at the S/F
interface [2]. Equal-spin triplets are immune to the exchange
field, and can propagate into ferromagnets over the same long
distance as singlets into normal metals [2]. During recent
years, various experiments have found long-range proximity
effects and Josephson coupling in specific S/F systems [3–9],
which have been interpreted in terms of singlet-to-triplet
conversion. Besides its fundamental interest, equal-spin triplet
superconductivity may yield novel technological applications
within the field of spintronics [10]. In this sense, half-metal
ferromagnets are especially interesting, because the triplet
superconducting condensate must be fully spin polarized in
these materials [11].
Among the half-metal-based S/F systems in which long-
range proximity effects have been observed, all-oxide het-
erostructures that combine manganites (LaxCa1−xMnO3 or
LaxSr1−xMnO3) and cuprate superconductors have received
continued attention [8,9,12–19]. From the early hints based
on the critical temperature (TC) measurements in S/F su-
perlattices [14,20], to the more recent spectroscopic [8,9,19]
and Josephson current measurements in S/F junctions [21],
various experiments have provided evidence for long-
range superconducting proximity effects in half-metallic
manganites. However, the physical origin of the singlet-
to-triplet conversion—which could be different for each
cuprate/manganite combination—has not been identified. As
theoretically shown for generic S/F systems, the singlet-to-
triplet conversion can be produced by interfacial magnetic
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inhomogeneities [2,22–24]. This was experimentally con-
firmed in ordinary (not half-metallic) ferromagnets via the
introduction of artificial “magnetic inhomogeneities” [5,7]. In
the case of half-metallic ferromagnets, the singlet-to-triplet
conversion can be explained [11,25–27] by two subsequent
processes—(i) spin mixing and (ii) spin flip—which arise
from (i) spin dependent electron scattering and (ii) magnetic
inhomogeneities or other sources of misalignments of the
spin quantization axis at the interface (e.g. spin-orbit cou-
pling effects [28–31]). Recent scanning tunneling microscopy
(STM) experiments in a-axis YBa2Cu3O7/La2/3Ca1/3MnO3
and Pr1.85Ce0.15CuO4/La2/3Ca1/3MnO3 (PCCO/LCMO) bi-
layers found a strong magnetic-field dependence of the spectral
features that constitute the fingerprint of the long-range prox-
imity effect [19]. The observed magnetic-field dependence was
considered evidence for the role of magnetic inhomogeneities
in the long-range proximity effects in LCMO.
Motivated by that experiment in a-axis YBCO/LCMO [19],
in this paper we study the field dependence of the prox-
imity effects in heterostructures with a different YBCO
crystalline orientation; in particular, c-axis YBCO/LCMO
heterostructures. Earlier conductance measurements in this
system showed spectral evidence for equal-spin Andreev
reflection and long-range penetration of superconducting
correlations into LCMO [9]. At variance with the observations
by Kalcheim et al. [19], in the c-axis heterostructures studied
here the spectral features that constitute the evidence for
a long-range proximity effect are essentially insensitive to
moderate magnetic fields (within the field range required to
saturate the LCMO macroscopic magnetization). However,
the application of increasingly stronger fields gradually washes
away those spectral features. As discussed below, this behavior
is consistent with the idea that the well-known magnetic
inhomogeneities at the c-axis YBCO/LCMO interface play a
role in the triplet condensate generation. However, the present
experiments do not allow ruling out the concomitance of
additional mechanisms.
The experiments were conducted in vertical microjunctions
(junction areas ranging from ∼5 to 100 μm2), which were
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FIG. 1. (Color online) (a) Sketch of the vertical junction and
applied field direction. (b) Hysteresis loop of a LCMO (15 nm)/STO//
sample with the magnetic field applied perpendicular to the film plane
and at T = 77 K. (c) Differential conductance across a Au/YBCO
(30 nm)/LCMO (30 nm)/STO// junction (area 32 μm2), measured at
T = 3.4 K in the absence of magnetic field (black curve) and under
H = 5.7 kOe (red curve). In the main panel, the curves have been
deliberately shifted vertically for clarity. The inset shows the raw
data.
fabricated as described elsewhere [9]. c-axis YBCO/LCMO
bilayers and YBCO/LCMO/YBCO trilayers were grown on
SrTiO3 using high-pressure O2 sputtering. The structural, mag-
netic, and superconducting properties of these heterostructures
have been thoroughly characterized [32–35]. Vertical junctions
(for transport measurements perpendicular to the heterostruc-
ture interfaces) were obtained via a series of lithography,
etching, insulator, and Au deposition steps. Sketches of the
junctions are displayed in Figs. 1(a), 2(a), and 3(a). Actual
sample pictures and further details about sample fabrication
can be found in Ref. [9]. The top and bottom electrodes
are made of ex situ deposited Au. dc voltage biased I (V )
measurements were done at various temperatures and magnetic
fields, using the electrical probe configuration depicted in
the sketches. The I (V ) were numerically differentiated to
obtain the conductance dI/dV shown in Figs. 1(c), 2(c), 3(b),
and 3(c).
Qualitatively, the conductance vs bias in the absence of
magnetic field is similar in all cases. The conductance curves
show a pronounced zero-bias peak and a series of oscillations,
which appear symmetrically for positive and negative bias [9].
These arise from McMillan-Rowell resonances [36,37] in
the LCMO layer and Tomasch resonances [38] in YBCO,
and constitute the evidence for long-ranged superconducting
proximity effects in LCMO. In particular, McMillan-Rowell
resonances require the occurrence of Andreev reflections at
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FIG. 2. (Color online) (a) Sketch of the vertical junction and
applied field direction. (b) Hysteresis loop of a LCMO (15 nm)/YBCO
(15) nm/STO// bilayer, with the magnetic field applied parallel to the
film plane and at T = 100 K. (c) Differential conductance across a
Au/YBCO (15 nm)/LCMO (12 nm)/YBCO (30 nm)STO// junction
(area 64 μm2), measured at T = 3.4 K in the absence of magnetic
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FIG. 3. (Color online) (a) Sketch of the vertical junction and ap-
plied field direction. (b) Differential conductance across a Au/YBCO
(15 nm)/LCMO (12 nm)/YBCO (30 nm)STO// junction (area
32 μm2), measured at T = 3 K for different magnetic field applied
parallel to the film plane. (c) Zoom of the curves shown in (b).
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of the resulting electron-hole pairs across the entire LCMO
layer [9]—whose thickness ranges between 9 and 30 nm in
the different samples. In the experiments discussed here, we
study how the conductance features change as a function of
the applied magnetic field and of the LCMO macroscopic
magnetization. The measurements were carried either in a He
flow cryostat equipped with a 5.7 kOe electromagnet or in a
liquid He cryostat equipped with a 70 kOe superconducting
coil. The magnetic field influence on the spectral features was
studied at our equipment base temperature (∼3 K), since the
spectral features smooth away as temperature is increased (see
temperature dependent studies in Ref. [9]).
Figure 1(c) shows measurements for a
YBCO (15 nm)/LCMO (30 nm) bilayer, in the absence
of magnetic field (black top curve) and under application
of H = 5.7 kOe perpendicular to the film plane (red lower
curve). Note that, in the main panel, the curves have
been vertically displaced for clarity. The original data are
displayed in the inset. The latter shows that the overall
conductance is very weakly affected by the application
of the magnetic field. The inspection of the main panel
evidences that the sole effect of the applied field is a minimal
smoothing of the conductance features. No significant shift
of the resonances is observed along the x axis. In order
to determine the effect of the applied field on the LCMO
magnetization, we measured the hysteresis loop of a plain
15-nm-thick LCMO film on STO, using a superconducting
quantum interference device magnetometer with the field
applied perpendicular to the film plane [Fig. 1(b)]. From
this measurement, we learn that the LCMO magnetization
is not fully saturated under the applied field H = 5.7 kOe;
however, this field produces a significant change of the
macroscopic magnetization with respect to that at H = 0.
In conclusion, the measurements shown in Fig. 1 show that
sizable changes of the macroscopic magnetization—induced
by moderate perpendicular fields—lead to very minor changes
of the junction’s conductance. This is in stark contrast with
the results reported by Kalcheim et al. [19]: in their
STM experiments, the spectral features that constitute the
fingerprint of long-range proximity effects significantly varied
under the application of moderate (a few kOe) perpendicular
magnetic fields.
Figure 2 displays measurements with the magnetic field
applied in plane. This junction is based on a YBCO (15
nm)/LCMO (12 nm)/YBCO (30 nm) heterostructure which,
as discussed earlier [9], shows the same conductance behavior
as YBCO/LCMO bilayers. As can be seen in Fig. 2(c),
the conductance for H = 0 and H = 5.7 kOe (in plane)
are identical within the experimental resolution. Figure 2(b)
displays the magnetization loop for a plain LMCO/YBCO
plain film with similar LCMO thickness as the measured
junction. Note that saturation of the LCMO macroscopic
magnetization occurs around H∼1.5 kOe. In consequence,
during conductance measurement at H = 5.7 kOe the LMCO
magnetization is fully saturated in plane.
To summarize the experimental findings of Figs. 1 and 2:
in the presence of moderate fields (i) the conductance shows
very minor changes, if any, as compared to the case H = 0;
and (ii) the conductance is independent of the macroscopic
magnetization of the LCMO layer, and in particular on whether
this is completely saturated (or not) in the in-plane/out-of-
plane directions.
The effect of stronger magnetic fields is shown in Fig. 3.
Figure 3(b) shows a series of conductance curves for increasing
in-plane fields, from H = 0 to H = 60 kOe. In Fig. 3(c), a
zoom of the same curves around positive bias is shown. In
addition to a gradual decrease of the background conductance,
one can see that the conductance resonances progressively
fade away as the applied field is increased. Thus, although a
few kOe fields do not have clear effects on the conductance
curves (Figs. 1 and 2), higher fields progressively wash away
the fingerprints of long-range proximity effect (Fig. 3).
Let us now interpret the experimental results. The invari-
ance of the conductance measurements for low magnetic fields,
and in particular the fact that the conductance features do not
depend on the LCMO macroscopic magnetization, implies that
“bulk” inhomogeneities such as domain walls—theoretically
proposed as a possible source of triplet generation in c-axis
cuprate/F systems [39]—do not play a role in the present
experiments. Note in particular that, both for perpendicular
[Fig. 1(b)] and parallel applied fields [Fig. 2(b)], a very differ-
ent magnetic domain structure is expected between remanence
(H = 0) and at H = 5.7 kOe. Yet, no significant differences
exist between the respective (black/red) conductance curves
[either in Fig. 1(c) or in Fig. 2(c)]. The minor smoothing in
the case of perpendicular applied field [Fig. 1(b)] may arise
from vortex nucleation effects, which are expected when the
magnetic field is applied perpendicular to the YBCO film.
Conversely, the strong changes of the conductance features
upon application of large in-plane magnetic fields (Fig. 3)
are unlikely due to artifacts associated with vortex nucleation,
since the YBCO layer thickness is much smaller than the
London penetration depth along the c axis (∼800 nm). Those
spectral changes are also inconsistent with a field-induced
depression of the superconducting order parameter (energy
gap ). On the one hand, this would be unexpected since the
applied fields range is much below the YBCO critical field at
that temperature. Furthermore, should the field depression of
superconductivity play a role, and provided that the position
of the Tomasch resonances depend on  [38], one would
expect a gradual, sizable shift of the conductance oscillations
towards lower energies as they fade away, which is not
observed. In conclusion, the magnetic field effect on the
superconductor cannot explain the spectral changes observed
in Fig. 3. These changes must be due to the magnetic field effect
on the LCMO. More specifically, and considering that the
macroscopic magnetization is fully saturated within the range
for which field effects are observed, the field-induced spectral
changes must be due to changes of the magnetic structure at
the YBCO/LCMO interface.
Different types of magnetic inhomogeneities at the c-axis
YBCO/LCMO interface are known which are sensitive to
fields in the tens of kOe:
(a) On the LCMO side, the magnetization is depressed due
to a doping effect caused by electron transfer from the LCMO
to the YBCO. The charge transfer (nearly 0.2 electrons per
atomic plane) results from the difference in the electrochem-
ical potentials between both materials [40,41]. As a result,
the boundary between ferromagnetic and antiferromagnetic
phases is approached and the ferromagnetism of the LCMO is
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depressed at the interface as has been experimentally observed
through polarized neutron reflectometry experiments [33].
This type of interfacial magnetic inhomogeneity results from
the known tendency of the La/Ca manganite to phase sep-
aration for doping levels in the vicinity of the boundary
between different phases. A strong magnetic field may tip the
balance between ferromagnetic and nonferromagnetic phases,
thereby canceling part of the magnetic inhomogeneity. This is
consistent with the observed magnetic field dependence.
(b) On the other hand, in the YBCO side, uncompensated
Cu moments exist due to the strong antiferromagnetic su-
perexchange between Mn and Cu at the interfacial Mn-O-Cu
bonds. This interaction yields a net Cu moment, which results
from tilting of the interface Cu sublattice [42]—otherwise
antiferromagnetic due to the hole count reduction induced
by the charge transfer. Although the effective exchange field
on the interfacial Cu moments is very large (∼1000 kOe), it
decays over ∼2 − 3 unit cells, as determined by the hopping
rate along the c axis [43]. Thus, the extent of the inhomogeneity
(Cu canting) could be modulated upon application of fields in
the ∼tens of kOe. Furthermore, these fields should also affect
the Cu exchange field inhomogeneities through the alignment
the Mn moments at the interface.
In conclusion, and contrary to the behavior reported
in a-axis YBCO/LCMO interfaces, we have found that in
c-axis YBCO/LCMO interfaces the conductance features
that evidence long-range proximity effects are essentially
insensitive to moderate magnetic fields, and independent of the
macroscopic magnetization within the LCMO layer. However,
the spectral fingerprints of the long-range proximity effect
fade away for magnetic fields well above the magnetic LCMO
saturation field. This is consistent with the idea that the known
sources of inhomogeneous magnetization at both sides of the
c-axis YBCO/LCMO interface, which appear due to electronic
reconstruction and are sensitive to magnetic fields within that
range, play a role in the generation of long-range proximity
effects.
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